Abstract-We studied phenotypic and clinical outcome data in an observational, multicenter cohort study of 1001 Western
A n association between maternal smoking and a decreased likelihood of developing pregnancy-associated hypertension have been documented for 2 generations. 1,2 An epidemiological study from Sweden 3 confirmed the decreased incidence of pregnancy-associated hypertension and preeclampsia in smokers but also reported that smokers who did develop preeclampsia had increased rates of placental abruption, small-for-gestation-age babies and perinatal mortality. However, a subsequent, smaller study from the United States 4 did not confirm an increase in small-for-gestation-age babies or earlier onset of preeclampsia. No published study has compared outcomes of preeclamptic pregnancy in women who have never smoked, those who used to smoke but have given up, and those who have smoked throughout their pregnancy. If outcomes differ, such information could be useful in encouraging women to give up smoking when they know that they are pregnant.
We have recently completed a genetic study of Ͼ1000 women with stringently defined moderate-to-severe preeclampsia and their babies (the Genetics of Preeclampsia Consortium Study); details are published in Reference 5. The objectives of this analysis were, thus, to determine in this large, carefully phenotyped, cohort whether women who continue to smoke in pregnancy and develop preeclampsia have a worse outcome than nonsmokers and whether stopping smoking has an impact on outcome. Our data confirm that if women who smoke do develop preeclampsia, their outcomes are worse, but, encouragingly, women who have stopped smoking have outcomes intermediate between the 2 ends of the spectrum.
Methods
This was a 10-center collaborative study undertaken within the United Kingdom. Because the study was primarily designed to study the genetics of preeclampsia, we only recruited women of white, Western European origin by grandparental ethnicity. Detailed information about design, recruitment, and the conduct of the study can be found in Reference 5 . We followed the procedure laid down in 1997 by the United Kingdom Department of Health in obtaining ethical approval for this multicenter study. All of the patients recruited to the study gave informed, written consent to participation.
Cases were identified on admission with a clinical diagnosis of preeclampsia, defined as a systolic blood pressure of Ն140 mm Hg and diastolic pressure (Korotkoff V) of Ն90 mm Hg on 2 occasions after the 20th week of pregnancy in a previously normotensive woman and proteinuria in excess of 300 mg/L in a 24-hour collection or 500 mg per 24 hours. A total of 1001 women were recruited, of whom 801 were nulliparae.
Data were obtained from each woman and her obstetric records. Information was obtained at first antenatal (booking) clinic attendance on gestation age by ultrasound and systolic and diastolic blood pressures. Women were also asked about their smoking habit at this visit. Responses were coded as follows: never smoked; previous smoker, now stopped; or current smoker. The gestational age, systolic and diastolic pressures, and degree of proteinuria at diagnosis were noted, as were the highest recorded systolic and diastolic blood pressures before labor. Delivery data were recorded for mother and baby. The birth weight centile for each baby was computed, correcting for gestation age at delivery, sex, maternal parity, and body mass index (BMI). 6 All of the women were seen by a research midwife Ն6 weeks after delivery (median: 11 weeks; fifth to 95th percentile range: 6 to 14 weeks) to measure their height, weight, and systolic and diastolic pressure at that time and to measure urinary protein concentration (dipstick).
Smoking has been associated with greater arterial stiffness in younger as well as older subjects, and in women as well as men (eg, Reference 7). The pulse pressure is partly determined by arterial stiffness. We, therefore, examined pulse pressure in the smokers and nonsmokers, using generalized linear modeling.
Statistical analysis was performed using SPSS for Windows version 14.0. Summary data are presented as meansϮSDs or median (interquartile range) as appropriate for their distribution. Betweengroup comparisons were made using 1-way ANOVA and the 2 test. Repeated measures (generalized linear modeling) were used to examine differences between group values where data were normally distributed. The null hypothesis was rejected where PϽ0.05.
Results
Ninety women admitted to being current smokers, whereas 71 had stopped smoking at varying times before entry to the study. Table 1 summarizes the maternal age, gestation age at diagnosis of preeclampsia and delivery, and the mothers' BMI at the postpartum visit. ANOVA showed that the smoking mothers were younger (PϽ0.0001), preeclampsia was diagnosed earlier (Pϭ0.019), they were delivered earlier (Pϭ0.027), and their postnatal BMI was less (Pϭ0.005). Blood pressures in the 3 groups were statistically indistinguishable throughout pregnancy and postpartum. Table 2 summarizes the proportions of women in the 3 groups who were delivered before 34 weeks' gestation, delivered a baby whose birth weight was below the third centile, or delivered a baby with any adverse outcome. 8 It can be seen that all of the outcomes worsened progressively and significantly across the groups.
We calculated relative risks for various outcomes comparing never-smokers with current smokers. In our cohort of women with established preeclampsia, smoking during preg- We also examined pulse pressure in the smokers and nonsmokers. Because both the mothers' age and BMI were significantly associated with pulse pressure, they were included as independent variables. As the Figure shows, after correction for age and BMI, the current smokers had significantly higher (Pϭ0.018) pulse pressures during the development of preeclampsia, which had not resolved by the postnatal visit at 11 weeks after delivery.
Discussion
The Genetics of Preeclampsia Consortium Study recruited from white, Western European women who developed stringently defined preeclampsia. 5 The results from the study may, thus, not be extrapolable to other populations. However, we believe this to be the most clinically detailed large database of There were significant decreases (Kendall's ) in maternal age (PϽ0.001), gestation age at the time of diagnosis (Pϭ0.019), and gestation age at delivery (Pϭ0.027) from women who had never smoked to those who currently smoked. The maximum observed proteinuria increased across the same groups, but this was not statistically significant (PϾ0.3). Data are shown as meanϮSD for normally distributed data or median ͓interquartile range͔ when data were not normally distributed.
*Maximum proteinuria was recorded as grams per liter in an additional 481 women and as dipstick 2ϩ or more (median: 3ϩ) in the remaining women in all of the groups. There was no significant difference across groups with either method. There is a significant gradation of risk (Kendall's ) from women who have never smoked to those who currently smoke for delivery before 34 weeks gestation (Pϭ0.011), delivering a baby whose birth weight was below the third centile (PϽ0.001), or any adverse outcome for the baby (Pϭ0.011). The birth weight centile for each baby was computed corrected for gestation age at delivery, sex, maternal parity, and BMI. 6 its kind for the United Kingdom. It was not primarily designed to examine the impact of smoking on pregnancy outcome, but it is large (nϭ1001), and we have no reason to suppose that there was bias in reporting. All of the phenotyping data were recorded in standard format, using standard operating procedures where appropriate. A United Kingdom analysis 10 reported 7 relatively small (nϭ526 to 1018) annual surveys, starting in 1992, of smoking habits among pregnant women in the United Kingdom. Approximately 27% admitted to smoking during pregnancy. There is documented underreporting by Ϸ3% (L. Owen and A. McNeill, unpublished data, 2001 ). Approximately 9% of women in the Genetics of Preeclampsia Consortium Study admitted to being current smokers, agreeing with other evidence that smoking decreases the likelihood of getting preeclampsia. 2 The observation that smoking in pregnancy is associated with a lesser overall risk of de novo hypertension is very puzzling. The pathological changes induced by smoking are particularly evident in the placenta, 11 which regulates the supply of nutrients and oxygen to the infant. Infants of mothers who smoke have much lower birth weights; detailed studies have suggested that this decrement may be as much as 300 to 400 g (see Reference 11 ), and our data also show a near doubling of the incidence of birth weight below the third centile. There is a perception that fetal demands in later pregnancy may trigger the expression of underlying preeclampsia so that a smaller baby might be less likely to trigger the later-onset form of the disease.
However, a recent meta-analysis of the effects of smoking in pregnancy reported that, in epidemiological studies, even severe preeclampsia is less likely in smokers. 12 There is an intriguing suggestion 13 that smoking may "desensitize" the vascular endothelium so that the response to the metabolic insults, which may precede preeclampsia, is blunted, affording apparent protection. However, if the stimuli are sufficiently severe, the "protection" may be overwhelmed, and more severe disease supervenes. Our study had considerably more phenotyping data than epidemiological studies, which allows for more detailed subgroup analysis.
Possible mechanisms for an adverse outcome are similar to those outside pregnancy. Smoking is associated with increased platelet and leukocyte activation, adverse effects on lipids and insulin resistance, and, perhaps most importantly, damage to endothelial function. This includes decreased endothelial NO synthase activity and possibly accelerated inactivation of NO by reactive oxygen species and increased synthesis of the potent oxidant peroxynitrite. 14 A small study of women of similar age to those in this study reported a decrease of approximately one quarter in the endogenous NO production (measured as exhaled NO) of smoking compared with nonsmoking women. 15 There is also local dysregulation of prothrombotic and antithrombotic factors such as prostacyclin and thromboxane. 14 Integrated, dose-dependent impairment of endothelial function has been shown in the peripheral circulation in smokers. A decrease in stimulated NO release has also been shown in women with preeclampsia compared with normotensive pregnant women. 16 The administration of S-nitrosoglutathione (a platelet-specific NO donor) to women with severe preeclampsia was associated with a highly significant fall in blood pressure and in uterine artery resistance. 17 In our study, when women who smoked developed preeclampsia, they were at considerably greater risk of adverse outcome than nonsmokers. Preeclampsia is a multifactorial disease, and smoking may only adversely affect a subset of the at-risk population, identification of which is not yet possible. Functional polymorphisms in genes regulating antioxidant status, such as the superoxide dismutases or the glutathione peroxidases, 18 could influence susceptibility. For example, Ͼ90% of patients diagnosed with chronic obstructive pulmonary disease are chronic smokers, yet only approximately one fifth of smokers develop clinically significant chronic obstructive pulmonary disease, and a recent report 19 suggested that a functional polymorphism of the SOD3 gene may, through anti-inflammatory or antioxidant effects, be protective. An individual's sensitivity to the effects of smoking has also been suggested to be related to dietary intake of antioxidants and n-3 fatty acids. 20 A significant inverse association between fruit and vegetable intake and subsequent occurrence of cardiovascular disease was reported in a large group (nϭ39 876) of older, largely perimenopausal or postmenopausal women. In the multivariate models tested, smoking was the strongest confounding factor. 21 There is currently increasing interest in the beneficial effects of an improved diet, especially intake of fruit and vegetables, on cardiovascular function in the population as a whole. The available evidence suggests that smokers could particularly benefit.
Epidemiological data from Sweden 3 and among a predominantly African American population 22 reported significantly increased perinatal mortality, placental abruption, and infants born small for gestational age among women who smoked Figure. Repeated-measures analysis of pulse pressure in smokers (solid line) and nonsmokers (broken line) at different points during pregnancy adjusted for maternal age and BMI. Smoking was associated with higher pulse pressures (Pϭ0.018) once preeclampsia was diagnosed; this effect was maintained to a median of 11 weeks postpartum. Estimated marginal means are shown with the SEMs. and nevertheless did develop preeclampsia. Such studies have shown no synergy between the effects of maternal smoking and of hypertension on birth weight. 23 We defined a composite variable similar to that described previously, 8, 24 whereby women who had any of the following, delivery before 34 weeks' gestation, delivery of an infant with a birthweight below the third centile, admission of the baby to the special care baby unit, or who suffered a perinatal death, were classified as having had an adverse outcome. Smoking mothers were nearly twice as likely to deliver a baby with such an outcome. Delivery before the watershed 34 weeks and/or severe fetal growth restriction carry increased immediate and longer-term morbidity and mortality for the baby and infant. 25, 26 Thus, this large study, in which all of the 1001 women had moderate/severe preeclampsia, also suggests that the greatest impact of smoking in pregnancy is on the fetoplacental unit. The potential adverse effects of smoking on the placenta itself have been well documented (eg, Reference 11 ).
We are only aware of 1 previous study considering smoking and eclampsia, 27 an epidemiological survey of Ͼ3 million singleton pregnancies in the United States in 1998. The incidence of eclampsia in the United Kingdom is 4.9 per 10 000 maternities (Ϸ1:2000). 28 In our study of high-risk women, 12 women suffered eclampsia, an incidence of 120 per 10 000 maternities, Ϸ25-fold higher, and the risk of eclampsia was greatest in smokers (OR: 4.9; 95% CI: 1.4 to 16.6). Eclampsia carries a high cost to the mother as well as the fetus, Ϸ1 in 50 dying in the 1994 report 28 and 35% having Ն1 major complication. Smoking is associated with increased arterial stiffness in young women as well as young men (eg, Reference 7 ). The greater pulse pressure in smokers once preeclampsia had developed (Figure) may indicate greater stiffness, perhaps secondary to the endothelial dysfunction associated with preeclampsia (see above and Reference 29 ), which might contribute to the greater risk of eclampsia.
The degree of hypertension did not differ in the 3 groups, regardless of whether delivery was before or after 34 weeks' gestation. However, the maximum recorded 24-hour urinary protein output was somewhat higher in the smokers (median: 2.24 g per 24 hours; range: 0.45 to 12.85 g per 24 hours compared with never-smokers at 1.70 g per 24 hours [range: 0.50 to 10.42 g per 24 hours]; PϾ0.1), as was the likelihood of 1ϩ protein or more at the postpartum visit (6.8% compared with 3.1%; 2 ϭ3.49; Pϭ0.067), but neither difference was statistically significant. Nevertheless, it may be that the somewhat higher proteinuria triggered earlier delivery in the smokers. Smoking is a known risk factor for renal damage. 30, 31 A recent large-scale study (nϾ11 000) of a normal population 32 linked smoking to increased urinary protein:creatinine in men but not in women, especially in the presence of high-normal systolic pressure, a trend reported from other studies. However, it seems likely that a degree of underlying smoking-induced glomerular damage will also be present in women. Thus, it may be that the proteinuria used to diagnose preeclampsia in these women is at least partly smoking related rather than pregnancy specific.
We did not measure urinary cotinine, so we cannot be certain that all of those who claimed to have given up had in fact done so. However, a recent study of pregnant and postpartum women reported excellent agreement between self-reported smoking status and urinary cotinine measurement. 33 This would fit with the clear dose-related change in the risk of various outcomes from women who had never smoked, those who used to smoke but gave up, and those who smoked throughout their pregnancy reported here. This is encouraging and provides a further reason for pregnant women to stop smoking. The development and implementation of effective strategies for stopping smoking in all pregnant women should be a priority. The current Smoking, Nicotine and Pregnancy Trial is 1 such strategy (http://www.biomedcentral.com/1472-6963/7/2).
Perspectives
These data are from a large group (nϭ1001) of women with well-characterized moderate-to-severe preeclampsia. Smokers as a group are less likely to develop preeclampsia, and the relatively low proportion of current smokers in this study reflects this. However, clearly, in the United Kingdom population, if a smoker does develop preeclampsia, she is considerably more likely to develop the more severe, early onset form. The effects were most pronounced on the fetus, with a significant worsening of risk from women who had never smoked through those who had stopped to those who currently smoked for delivery before 34 weeks' gestation, delivering a baby whose birth weight was below the third centile, or any adverse outcome for the baby. These outcomes have long-term consequences for the child's cardiovascular health. Although absolute hypertension was no worse in the smokers, their pulse pressure was raised, and they were at 5-fold greater risk of eclampsia. Smokers who do develop preeclampsia may be a subset at particular risk, perhaps because of their genetic background or dietary habits. Encouragingly, if a woman stopped smoking during her pregnancy, the deleterious outcomes all decreased. This is an important observation for those caring for pregnant women, who should actively promote smoking cessation. Because smoking is associated with endothelial damage, the opportunity provided by attendance for antenatal care should also be used to give appropriate dietary advice focused on the benefits of increased intake of antioxidants.
